Our objective was to compare long-term outcomes of deep brain stimulation (DBS) of the globus pallidus interna (GPi) and subthalamic nucleus (STN) for patients with Parkinson disease (PD) in a multicenter randomized controlled trial.
outcomes following GPi DBS are more uncertain because with one exception, 4 the available studies were comprised of small numbers of patients in nonrandomized designs. [12] [13] [14] [15] [16] Early reports of GPi DBS indicated loss of efficacy, 12, 13, 15 raising questions about the durability of responses to GPi DBS. 14 However, early reports of GPi DBS may not reflect contemporary practice. More recent nonrandomized studies find the effects of STN and GPi stimulation on motor function to be sustained up to 5-6 years following surgery. 11, 17 This article provides the first comparison of long-term (36-month) responses of motor and nonmotor symptoms to DBS in a carefully characterized population of patients with PD enrolled into a prospective, blinded, randomized controlled study comparing GPi and STN DBS. 4 METHODS Enrollment criteria, study design, and study procedures have been reported previously, 1,4 and are only described briefly here. Patients were enrolled at 7 Veterans Affairs (VA) and 6 affiliated university medical centers. Eligibility requirements included patients with idiopathic PD who were Hoehn & Yahr stage Ն2 off medication 18 ; levodopa-responsive; with persistent disabling symptoms despite optimal medication management (e.g., motor fluctuations, dyskinesia), Ն3 hours per 24-hour period with poor motor function/symptom control ("off " or "on with troubling dyskinesias"), stable medical therapy for Ն1 month; and age Ն21 years old. Patients were randomized to GPi or STN DBS and followed for 24 months. A subset of patients randomized before October 31, 2005, were eligible and consented for an additional 12 months follow-up and are reported here.
Baseline assessment included evaluation of motor symptoms off medications (in the "practically defined off state") 19 using the Unified Parkinson's Disease Rating Scale motor subscale (UPDRS III) 20 and the stand-walk-sit test 19 evaluated by study personnel and independently by movement disorders clinicians blinded to DBS target. In the on-medication state, patients were assessed again using the UPDRS III and stand-walk-sit tests; and on the Hoehn & Yahr, Schwab and England, UPDRS part I (mentation, behavior, and mood), part II (activities of daily living), and part IV (complications of therapy) subscales, the PD Questionnaire-39 (PDQ-39), and the Beck Depression Inventory II (BDI-II). 19 -22 The study nurse recorded patient medications, physical health status, and PD symptoms. A neurocognitive test battery was administered by a neuropsychologist (described previously). 1, 4 Motor diaries were used to assess self-reported function. 23, 24 Patients recorded which of 4 categories (on, on with troubling dyskinesia, off, or asleep) best reflected their predominant functioning for the prior 30 minutes in half-hour intervals for 2 days prior to each study visit. 23 Time spent in each category was averaged over the 2 days.
Randomization was stratified by study site and patient age (Ͻ70 vs Ն70 years old) using computer-generated assignment by the coordinating center. Patients underwent surgery within 1 month of randomization and remained blinded to DBS target for the study duration. Of the 299 patients randomized to surgical target, 198 were consented for 36-month follow-up (figure 1). Those who did not proceed to 36 months (n ϭ 101) included 65 patients randomized after October 31, 2005, 9 deaths, 8 who did not receive DBS, and 19 withdrawals. A total of 159 patients completed the 36-month visit (80.3%); 39 patients died (7) , withdrew (16) , or missed the 36-month visit (16) . For this article, analyses are based on these 159 patients.
Standard protocol approvals, registrations, and patient consents. The study was approved by all site institutional review boards and participants provided written informed consent. This study was registered at clinicaltrials.gov identifier: NCT00056563 and NCT01076452.
Follow-up. Patients returned at 3, 6, 12, 18, 24, and 36 months for assessment. Baseline assessments including blinded motor evaluations were repeated at 6, 24, and 36 months with abbreviated assessments at 3, 12, and 18 months. Study personnel (unblinded) and movement disorders clinicians blinded to DBS targets independently assessed patients' motor scores on stimulation/off medication. Next, DBS was deactivated for 1 hour for a second assessment off stimulation/off medication. Then DBS was reactivated, patients took their medications, and returned approximately 1 hour later for a third set of assessments on stimulation/on medication, including the other UPDRS subscales, quality of life, and neurocognitive tests. Postoperative patient management was guided by study neurologists with the goal of achieving best symptom control regardless of DBS target, including medication adjustments and provision of nonpharmacologic treatments (e.g., physical therapy) as deemed appropriate.
Statistical analysis. t Tests or
Fisher exact tests were used for comparisons of baseline characteristics between treatment groups and subgroups. Medication was converted to levodopa equivalents for analysis. 6 Mixed models analyses were conducted to account for the repeated measurements with random missing data. Time intervals treated as categorical variables were used to analyze changes over time or between 2 time points. Hypothesis tests with orthogonal polynomial contrasts were applied for the main time trend effect and its interaction with the treatment group. In addition, sensitivity analyses using mixed models treating time intervals as continuous variables were performed to verify the rate change (slope) over time treating groups as fixed effects, and the intercept and the linear time trend component as random effects. Analyses were performed using SAS software (version 9.2). All statistical tests were 2-sided and a p value Յ 0.05 was considered statistically significant with no formal correction for multiple analyses.
This intervention study provides Class III evidence that GPi and STN DBS similarly improved and sustained motor function at 36 months postsurgery.
RESULTS
Eighty-nine GPi and 70 STN patients completed the 36-month assessment. Comparison of patients who completed the 36-month follow-up with patients from the full sample who did not complete this assessment (n ϭ 140) showed the groups to be similar at baseline except completers were younger (60.6 vs 63.2 years; p ϭ 0.01). Similarly, those who completed the 36-month follow-up were similar to those who consented but did not complete the 36-month assessment (n ϭ 39) at baseline, except they were younger (60.6 vs 64.7 years; p ϭ 0.01).
Baseline characteristics (n ϭ 159) for GPi and STN groups, prior to surgery, were similar with the exception of quality of life and neurocognitive function. Differences in the PDQ-39 subscales for mobility ( p ϭ 0.01), emotional role function ( p ϭ 0.04), stigma ( p ϭ 0.03), social support ( p ϭ 0.01), and communication ( p ϭ 0.001) were worse (higher scores) for STN than GPi patients (table 1). GPi patients had better baseline verbal fluency-semantic ( p ϭ 0.02) and verbal learning total ( p ϭ 0.03) scores compared to STN patients (table e-1 on the Neurology ® Web site at www.neurology.org).
Motor function. Change in UPDRS motor scores over time in the on stimulation/off medication state was the primary outcome. Motor function improved between baseline and 36 months for GPi (41.1 to 27.1; 95% confidence interval [CI] Ϫ16.4 to Ϫ10.8; p Ͻ 0.001) and STN (42.5 to 29.7; 95% CI Ϫ15.8 to Ϫ9.4; p Ͻ 0.001); improvements were similar between targets and stable over 36 months (table 2 and figure e-1). The pairwise comparisons of 6-month vs baseline ( p Ͻ 0.001), 36-month vs baseline ( p Ͻ 0.001), and 36-month vs 6-month ( p ϭ 0.56) scores supported the findings of improvement at 6 months and the stability of this improvement through 36 months. The interaction of main time trend effect with treatment group ( p ϭ 0.59) suggested a parallel trend (no change) over time for the 2 targets. Sensitivity analyses with time treated as a continuous variable with or without transformation were performed and the same conclusions were obtained. Differences in motor scores between 6, 24, and 36 months were less than 2 points in either target group in the on stimulation/off medication state. Motor subfeatures also improved to a similar extent between targets. Subscales for tremor, rigidity, akinesia, postural stability, and gait 25 assessed on stimulation/off medication showed improvement at 6 months in both target groups which was maintained over time (table e-2). Differences initially observed at 6 months postsurgery for motor function between GPi and STN groups off stimulation/off medication ( p ϭ 0.003) increased over time with GPi remaining stable and STN worsening over 36 months ( p ϭ 0.001; figure e-1). In the on stimulation/on medication condition, motor function improved at 6 months for DBS overall ( p ϭ 0.006), but this initial improvement diminished, and by 36 months scores diverged by target. Motor scores were worse than baseline for STN, but still better than baseline for GPi patients (GPi vs STN trend over time p ϭ 0.04). The mentation/ behavior/mood and activities of daily living UPDRS scores improved initially over baseline ( ps Ͻ 0.001), however, by 36 months, scores increased (worsened) for both subscales and were worse than baseline for the UPDRS I ( p Ͻ 0.01). Complications of therapy (UPDRS IV) subscale scores improved at 6 months and were maintained over 36 months (table 2) . The initial decreases in postoperative medication dosages, greater for the STN than the GPi group, were sustained over 36 months ( p ϭ 0.07).
Self-reported motor function based on diaries showed that good function (on time without troublesome dyskinesia) improved following DBS and remained stable over 36 months ( p ϭ 0.48; table e-2). At 6 months, both groups experienced more than 5 hours gain in good functioning time; by 36 months, the gain dropped slightly to 4.6 hours/day for GPi and 4.1 hours/day for STN patients over baseline. Poor motor function (off time) and motor function with troubling dyskinesia decreased in both groups following DBS and remained stable through 36 months, while hours asleep increased for both groups and was sustained over time (all ps Ͻ 0.001).
Changes in quality of life and neurocognitive measures (table 3 and figure e-2) were notable for a few items. All PDQ-39 subscales improved at 6 months following GPi and STN DBS, but there was some decrement in these gains over time, with 36month scores worse than baseline for social support ( p ϭ 0.31) and cognition ( p ϭ 0.54). There were differences in the Mattis Dementia Scale. STN scores were slightly worse at 6 months vs no change in GPi ( p ϭ 0.03), followed by further gradual reductions in both groups over time, but STN more so than GPi ( p ϭ 0.01; table e-2). The Hopkins Verbal Learning Test Trials 1-3 Total scores (T score) differed by target (GPi group showed slight worsening at 6 months but then was stable, whereas STN was unchanged at 6 months but worsened by 36 months, p ϭ 0.01). The Hopkins Verbal Learning Test Delayed Recall showed a similar pattern of results (trend over time p ϭ 0.004). Other aspects of neurocognitive function showed either similar decline (trends over time for Wisconsin Card Sorting Test p ϭ 0.03; Brief Visuospatial Memory Test Total Score, p ϭ 0.001; Brief Visuospatial Memory Test Delayed Recall, p Ͻ 0.001), or no change in either target group. Depression scores did not change from baseline over 36 months, and no longterm target differences were noted. The same mixed model analyses were performed on the 198 patients who consented to the 36-month visit. Results were similar suggesting conclusions from the completer sample (n ϭ 159) are representative of the larger sample. DISCUSSION We reported previously the results of a prospective, randomized trial comparing outcomes of GPi and STN DBS at 2 years. 4 In that analysis, motor function improved following DBS, the degree of improvement was comparable by target, and we did not observe a change in motor responses over 24 months. In the current extended follow-up of a subset of patients, blinded assessment of motor responses to STN and GPi DBS remained stable through 36 months.
Our findings are consistent with other reports of extended follow-up of STN DBS, which generally describe stable responses over time, [5] [6] [7] [8] [9] [10] [11] but differ from some early reports of long-term follow-up of GPi DBS. Several small uncontrolled case series indicated that efficacy of bilateral GPi DBS wanes over 1-3 years. [12] [13] [14] [15] Other studies show stable responses up to 6 years postsurgery, 11,17,26 -28 consistent with the motor outcomes we observed in our study population. Most of the case series describing GPi failures were from the 1990s. The failure rate of GPi DBS in those series, up to 80% over 3 years, 15 is too great to attribute exclusively to study design (uncontrolled case series vs our randomized trial) and may reflect differences in patient selection, targeting, implantation technique, or postoperative management that have evolved since those studies were published. We observed a significant divergence of GPi and STN motor outcomes at 36 months in the on stimulation/on medication condition despite stable doses of medications (albeit differentially reduced dosages from baseline levels for GPi and STN) in both groups over time. The synergistic effect of DBS plus medications seen in both groups at 6 months was largely maintained in the GPi group over time. In contrast, the combined medications and DBS effect became significantly less in the STN group by 36 months, at which time the average motor score on stimulation/on medication was worse than the onmedication score at baseline, before DBS. The reduced synergistic effect of medications plus DBS in the setting of preserved motor responses to STN DBS alone (i.e., on stimulation/off medication scores) indicates reduced medication effectiveness as the cause of deteriorating motor scores in the on stimulation/on medication state, perhaps because dopaminergic medication was reduced to a greater extent in the STN group initially and was not increased over time. The GPi group had consistently lower (better) motor scores compared to the STN group off medication/off stimulation, and the motor scores remained stable throughout the 36-month follow-up period. This could be due to prolonged residual benefits of higher daily doses of dopaminergic medications in the GPi group (e.g., longer washout required for larger doses of medications). Alternatively, this could be an artifact of the evaluation paradigm, in which DBS was deactivated for 1 hour prior to the off stimulation assessment. If GPi DBS has a longer "washout" period following deactivation compared to STN DBS (i.e., a washout period Ͼ1 hour), the off stimulation score 1 hour following DBS deactivation would be lower (better) than the off stimulation score for STN subjects. However, we observed that motor scores for the STN group in the off stimulation/off medication condition gradually worsened over time despite a stable test paradigm and stable medication doses in both groups, suggesting that difference between GPi and STN DBS is not related exclusively to a longer medication washout period or for DBS deactivation. The gradual worsening of off stimulation/off medication scores in the STN group cannot be attributed exclusively to disease progression, because a similar worsening should have affected the GPi group as well. Whether GPi DBS or the higher doses of medications used in the GPi population alter progression of PD symptoms cannot be determined from our data. We identified some neurocognitive differences between GPi and STN DBS groups over time, as well as overall longitudinal declines that occur in both groups; close to 0.5 standard deviations on several measures over 36 months. Most studies of DBS in PD report small declines in neurocognitive function over time, but these declines are generally considered acceptable given the gains in motor function, 10 and some continued longitudinal decline in test performance is expected given the known neurodegenerative changes associated with PD. While similar rates of decline were observed in GPi and STN groups on many measures of cognitive functioning, we observed statistically significant differences between GPi and STN groups on the Mattis Dementia Rating Scale and the Hopkins Verbal Learning Test, both of which showed no change in the GPi group but worsening by 36 months in the STN group. The importance of these target differences must be interpreted cautiously in light of a few differences at baseline (STN patients were slightly worse on average than GPi patients on some baseline neurocognitive tests), because we did not adjust for these and other covariates as confounders. The precise determinants, clinical significance, and functional impact of these small group differences are not known. In our original study cohort, we observed slight improvement in depression scores for the GPi group with slight worsening in the STN group at 24 months. 4 The present study suggests that by 36 months depression scores for both targets are comparable to baseline, with no group differences present.
The quality of life (PDQ-39) subscales show improvement in both groups at 6 months followed by diminishing improvement in several subscales over the remainder of the 36-month period. Emotional well-being, social support, and cognition subscales showed no difference between 36-month scores and baseline. Other subscales showed significant improvement over baseline but generally the improvement was small and of questionable clinical benefit. Activities of daily living showed a similar trend, with improvement early after surgery followed by gradual loss of improvement over the subsequent assessments. Similar loss of improvement of activities of daily living despite stable motor responses to DBS have been reported previously. 9, 10 A potential limitation of these data is that our sample at 36 months is approximately half the size of the original study cohort; yet baseline comparisons with the full sample show these groups to be very similar, particularly with respect to our primary outcome (UPDRS motor score).
Our data indicate that GPi and STN DBS improve motor function in patients with PD, the extent of improvement in motor function does not differ by DBS target, and the motor benefit is maintained over 36 months. In contrast, some early gains in quality of life and activities of daily living are gradually lost, and decline in neurocognitive function is seen over serial evaluations, most likely reflecting disease progression and worsening or emergence of DBS-and medication-resistant symptoms. The greater worsening in cognition and on stimulation/on medication motor scores over time for STN needs further evaluation, which could include efforts to determine whether increasing medication doses over time could attenuate these differences between GPi and STN. Our findings indicate that GPi and STN are both viable DBS targets for treatment of motor symptoms, but highlight the importance of nonmotor symptoms as determinants of quality of life in people with PD. 29, 30 
